The movement protein (MP) of tobacco mosaic virus (TMV) facilitates the cell-to-cell spread of infection by altering the structure and function of plasmodesmata, the intercellular communication channels in plants. Because the protein was shown to interfere with intercellular communication when expressed in the cyanobacterium Anabaena sp. strain PCC 7120, whether the ability of the protein to target and to modify intercellular communication channels in plants is conserved in this prokaryote was investigated. It was found that the MP localizes to the cell junctions and induces the formation of filamentous structures that traverse the septa. It is proposed that the protein interacts with host components that are similar between plants and Anabaena and that may be evolutionarily related. The observations in Anabaena suggest that the MP modifies plasmodesmata by forming a filamentous aggregate within the pore.
Introduction
Plant viruses encode 'movement' proteins (MP) that are required to achieve local and systemic invasion of the host. These proteins enable viruses to spread from cell to cell by exploitation of plasmodesmata, the gateable, plasma membrane-lined channels in the cell walls that provide symplastic continuity between adjacent cells and through which plant cells communicate (Epel, 1994; Fenczik et al., 1996; Lucas and Gilbertson, 1994) .
Pioneering studies on movement protein functions were performed with the MP of tobacco mosaic virus (TMV) (Deom et al., 1987 (Deom et al., , 1990 (Deom et al., , 1992 Meshi et al., 1987) . In infected tobacco plants as well as in plants that produce the protein from a transgene, the MP accumulates in plasmodesmata and increases their size exclusion limit (Atkins et al., 1991; Ding et al., 1992; Moore et al., 1992; Oparka et al., 1997; Tomenius et al., 1987; Wolf et al., 1989) . The ability of the protein to form unfolded and elongated protein-nucleic acid complexes with single-stranded nucleic acids in vitro has led to the hypothesis that the virus might move from cell to cell in the form of a viral nucleoprotein complex (vRNP) that in size and structure is compatible with the modified plasmodesmata (Citovsky et al., 1990 (Citovsky et al., , 1992 .
Recent studies have shown that the MP interacts with microtubules and microfilaments in vivo (Heinlein et al., 1995; McLean et al., 1995) . Moreover, actin appears to be a component of plasmodesmata (Ding et al., 1996; White et al., 1994) . Thus, the cytoskeleton and associated motor proteins may fulfil a major role in targeting the MP and the viral RNP complexes to plasmodesmata (Carrington et al., 1996; Zambryski, 1995) .
Heterocyst-forming cyanobacteria appear to function as a multicellular organism, in which the patterned differentiation of heterocysts as well as normal growth of the filament is dependent on intercellular communication (Wilcox et al., 1973; Wolk, 1996) . Morphological evidence for intercellular connections between cells of filamentous multicellular cyanobacteria has been discovered and they have been described as pore-like structures (Drawert and Metzner, 1956; Metzner, 1955) , intercellular connections (Wildon and Mercier, 1963) , plasmodesmata (Hagedorn, 1960; Pankratz and Bowen, 1963) and microplasmodesmata (Giddings and Staehelin, 1978) . However, because of their common small outside diameter (10-20 nm) and the lack of either a discernable core (pore-like structures) or of plasma membrane continuity they are structurally well distinguished from plasmodesmata of higher plants.
Previous studies have demonstrated that high-level expression of the MP in Anabaena sp. strain PCC 7120 prevents diazotrophic growth and heterocyst differentiation, suggesting that the MP interferes with intercellular communication (Zahalak et al., 1995) . To determine whether the MP in this transformed Anabaena strain is associated with intercellular junctions, we analyzed the cyanobacterial filaments by immunofluorescence and immunoelectron microscopy. The MP was stained with anti-MP antibody followed by FITC-conjugated secondary antibody. The MP localizes to the cell junction (a and b) and is also present in the form of longitudinal strands that traverse the septa (c), especially when IPTG is present in the medium, and the cells accumulate high amounts of the MP (d-f). Scale bars are 1.5 µm, except scale bar in (d) which is 3 µm.
Results
We used Anabaena sp. strain PCC 7120 that was transformed with pMZ2 or pMZ11. These replicating shuttle vectors contain the cDNA of the TMV MP fused to the IPTG-inducible tac promoter (Zahalak et al., 1995) . In pMZ11 the MP coding region is interrupted by an insertion mutation following the 24th amino acid. Both plasmids were maintained by culturing the respective strains under appropriate selective pressure. The untransformed wild-type strain and the pMZ11-containing strain propagated well in the presence or absence of nitrogen or IPTG. In contrast, the pMZ2-containing strain grew well with or without nitrate in the absence of IPTG, whereas in the presence of IPTG the strain grew well in the presence, but very poorly in the absence, of fixed nitrogen (Zahalak et al., 1995) . Immunofluorescent staining of pMZ2-containing cells with an antibody raised against a C-terminal peptide of the MP (Deom et al., 1987) resulted in a moderate fluorescent signal when the bacteria were grown in the absence of IPTG (Figure 1a ), but gave rise to a very bright fluorescent signal when the bacteria were grown under inducing condi- Distribution of the MP in thin sections (70 nm) of Anabaena containing pMZ2 and cultured in the presence of IPTG. The MP was localized using anti-MP antibody and 1-nm gold-conjugated secondary antibody followed by silver enhancement. All sections were stained with uranyl acetate and lead citrate, except (a). When the cells are sectioned longitudinally but away from the mid-line, the MP is present in bands flanking the septum (a, arrows). When the cells are sectioned closer to the mid-line, the MP again is detected on both sides of the septum, but not towards the center of the junction (b, arrows). Oblique (c) and transverse (d) sections through the septal region show that the MP is distributed as a ring that runs around the circumference of the cell cylinder. Some gold label is situated in the center of the rings (arrows) and is associated with filamentous strands that traverse the septum (e, arrows). Such strands may form during cell division (f) and may cause inhibition of septal ingrowth leading to the formation of a cytoplasmic bridge between the daughter cells. Scale bars are 0.5 µm.
tions (Figure 1b) . No MP was detected in wild-type bacteria or bacteria containing pMZ11 that were cultured under either conditions (Figure 1c-f) .
In pMZ2-containing cyanobacteria that were grown in the absence of IPTG, the MP was localized on both sides of the septum that divides two cells of the cyanobacterial filament (Figure 2a,b) . Thus, each cell contained two bands of MP accumulation, one band at each pole. The intensity of labeling with anti-MP antibodies at the poles differed between cells in a single bacterial filament (Figure 2a ) and the amount of the protein could even be distinctly different between the two poles within a single cell (Figure 2b ). Structures labeled with antibody were also visualized within the center of the cells (Figure 2a) . Sometimes, these structures took the form of elongated strands that spanned the length of the cells from pole to pole or even extended into adjacent cells (Figure 2a,c) . This was particularly evident in bacteria that were grown in the presence of IPTG (Figure 2d-f) . Following IPTG induction, fluorescent MPcontaining strands were regularly observed to extend across several junctions, thus connecting several bacterial cells (Figure 2d-f) . Within the cells these strands could branch into other regions of the cytoplasm (Figure 2e,f) .
The MP that was bilaterally associated with the septum was present as rings of gold particles when seen by immunoelectron microscopy (Figure 3a-d) . In cells sectioned longitudinally but away from the mid-line, the MP was present in bands flanking the septum (Figure 3a , arrows). However, in longitudinal sections that were cut more closely to the mid-line through the center of the cells, the antibody bound on both sides of the septum in regions towards the envelope of the bacterium (arrows), but not towards the center of the junction (Figure 3b ). These two findings together suggest that the MP is associated with ring-like structures that flank the septum on both sides. Such ring-like structures were visualized when cells were cut in transverse orientation near the septum (Figure 3c,d) .
Gold particles were present in the very center of the rings (arrows in Figure 3c ,d) and apparently decorated the strands that traversed the septum (arrows in Figure 3e and Figure 2) between contiguous cells. The strands werẽ 150 nm in diameter and were characterized by a filamentous substructure that can be readily seen in the stereo image, shown in Figure 4 . No such filament bundles were observed in non-transgenic Anabaena (Figure 5) , suggesting that the filaments in the bundle either consist solely of MP or that the MP recruits a host factor that contributes to filament formation. The filament bundles were not recognized by antibodies raised against α-tubulin or actin, nor were they affected by treatment with 1 mM colchicine, 10 µM oryzalin or 5 µg ml -1 cytochalasin D (data not shown). The elongated, immunogold-labeled structure in Figure 3 (f) was located in the center of what appeared to be a newly developing septum between two daughter cells, and might indicate that the transcellular filaments are formed during cell division.
Discussion
Anabaena sp. strain PCC 7120 exhibits poor growth and low heterocyst frequency under conditions of nitrogen deprivation only when the MP is highly expressed following IPTG induction (Zahalak et al., 1995) . The association of the MP with the ring-like structures on both sides of septa is apparently insufficient to reduce growth, since MP was observed in these structures in the presence as well as in the absence of IPTG (Figure 2) . Rather, the effect of MP on heterocyst formation is more likely to be due to the accumulation of filaments that extend across the septa when high levels of MP are produced. The diameter of the filament bundle is too large to fit through small septal pores, termed microplasmodesmata (mPd, 20 nm in diameter; Giddings and Staehelin, 1978) , which apparently connect Anabaena cells (Wilcox et al., 1973) . Although the individual filaments of a bundle may traverse the septa by passing through a large group of mPd, it is also possible that the bundles extend through much larger septal pores that are either derived from mPd or newly formed in the presence of MP.
That cell junction modification in Anabaena apparently requires high amounts of MP may reflect the situation in tobacco plants, where the MP modifies size exclusion limits (SEL) of plasmodesmata (Pd) only in regions of highest expression (Oparka et al., 1997) . It is tempting to speculate that high-level expression and accumulation of the MP results in the formation of filamentous or tubular aggregates within Pd and that this modification of Pd allows virus movement. Indeed, Pd of transgenic plants that express the MP contain fibrous material that can be labeled with anti-MP antibody (Ding et al., 1992; Moore et al., 1992) . Moreover, the MP is able to form hairy protrusions on the outside of infected tobacco protoplasts (Heinlein et al., 1997) , which also appears to be consistent with this hypothesis.
The ability of the protein to target and to modify cellcell junctions in both plants and cyanobacteria suggests that the MP interacts with host components that are similar between both organisms. The ring-like distribution of the MP on both sides of the septa may indicate that the MP is associated with periseptal annuli (Cook et al., 1986; MacAlister et al., 1983; Rothfield and Cook, 1988) or with the Anabaena homolog (Doeherty and Adams, 1995) of the essential prokaryotic cell division protein FtsZ (Bi and Lutkenhaus, 1991; Lutkenhaus, 1993) . In Escherichia coli, FtsZ is a highly abundant protein (Dai and Lutgenhaus, 1992 ) that polymerizes to form a circumferential ring that constricts at the leading edge of the invaginating septum to separate the two daughter cells (Bi and Lutkenhaus, 1991; Wang and Lutgenhaus, 1993) . This protein has certain properties in common with the eukaryotic cytoskeletal protein tubulin (Erickson, 1995 (Erickson, , 1997 , including GTPdependent polymerization (Bramhill and Thompson, 1994; de Boer et al., 1992; Mukherdee et al., 1993; Mukherjee and Lutgenhaus, 1994; RayChaudhuri and Park, 1992) to form structures that resemble those formed by purified tubulin (Erickson and Stoffler, 1996; Erickson et al., 1996) . Moreover, the three-dimensional structure of FtsZ is similar to the structure of alpha-and beta-tubulin (Lö we and Amos, 1998; Nogales et al., 1998) . Since the MP binds to plant microtubules and actin in vivo (Heinlein et al., 1995; McLean et al., 1995) , it may interact with FtsZ, either directly or via FtsZ-associated proteins (Donachie, 1993; Sanchez et al., 1994; Vicente and Errington, 1996) . When overexpressed, the FtsZ protein forms long tubules in E. coli cells (Ma et al., 1996) . It is possible that overexpression of the MP in Anabaena causes sequestration or displacement of FtsZassociated factors and subsequent aggregation of overabundant FtsZ and associated MP into filaments.
The ability of the MP to modify cellular junctions in Anabaena might serve as a model to study the mechanism of how the MP modifies plasmodesmata in plants. Since the bacterial septa and plasmodesmata are formed during cytokinesis, targeting of the MP to both of these structures might suggest that the two intercellular junctions are molecularly or evolutionarily related.
Experimental procedures
Growth of bacterial cultures Anabaena sp. strain PCC7120 was grown at 30°C under cool-white fluorescent light in 5 ml of an eightfold dilution of AA medium (Allen and Arnon, 1955) with or without nitrate (2.5 mM NaNO 3 and 2.5 mM KNO 3 ). For growing strains containing pMZ2 or pMZ11 (Zahalak et al., 1995) , the medium was supplemented with 5 µg ml -1 kanamycin or 0.5 µg ml -1 each of streptomycin and spectinomycin, respectively. For induction of the tac promoter, the medium was supplemented with 1.0 mM IPTG 24 h before harvesting.
Immunostaining and microscopy
The bacteria were harvested by centrifugation, washed with 5 mM TES/NaOH, 5 mM EGTA, pH 7 (TES/EGTA buffer), and fixed for 30 min at room temperature (RT) in the same buffer containing 4% paraformaldehyde. Following two washes with TES/EGTA buffer containing 10 mM glycine and one wash with TES/EGTA buffer alone, the fixed bacteria were incubated for 10 min at RT in 10 mM TES/EGTA buffer, containing 600 mM sucrose, 2 mM EDTA and 0.03% lysozyme. The bacteria were washed twice in the same buffer without lysozyme and then prepared further for either fluorescence microscopy or immunoelectron microscopy.
For fluorescence microscopy the bacteria were spun onto polylysine-coated microscopic slides and dried (first at RT and then over night at 4°C). The slides were immersed for 10 min in methanol at -20°C, washed twice for 5 min in PBS containing 0.5% Tween-20 and 5 mM EGTA (PBST-E), and incubated in the same buffer containing diluted (1:50) anti-MP antibody for 1 h at 32°C. Following two washes for 10 min in PBST-E, the samples were incubated with a 1:50 dilution of donkey anti-rabbit FITC-conjugate (Pierce, Rockford, IL) in the dark for 1 h at 32°C. The samples were washed twice again for 10 min in PBST-E and mounted in Mowiol (Calbiochem) containing 2.5% 1,4-diazobicyclo-[2.2.2.]-octane (DABCO) as an antifade reagent. Microscopy was performed with a Nikon Optiphot 2UD microscope, and a long-pass filter combination (470-490 nm excitation filter, 505 nm dichroic mirror and 520 nm barrier filter) was used to visualize FITC fluorescence. Fluorescence images were scanned from 35 mm slides taken with Kodak Ektachrome EPH 1600 film and were arranged using Adobe Photoshop software (Adobe Systems Inc., Mountain View, CA). The yellow color of the FITC signal in some of the images presented was caused by strong red background fluorescence that was emitted from excited phycobiliproteins in some of our samples.
For immunoelectron microscopy, the bacteria were equilibrated in 50 mM phosphate buffer, pH 6.7, containing 600 mM sucrose and 5 mM EGTA and fixed for 30 min at RT in the same buffer containing 4% paraformaldehyde. The samples were then washed twice in PBS, pH 7, 5 mM EGTA (PBS-E) containing 10 mM glycine and once in the same buffer without glycine. After extraction with -20°C cold methanol for 10 min the samples were washed three times with PBST-E and incubated in diluted (1:50) anti-MP antibody in PBST for 1 h at 32°C. The bacteria were washed twice with PBST-E and then incubated in the same buffer containing a 1:100 dilution of goat anti-rabbit/Nanogold-conjugate (Nanoprobes Inc., Stony Brook, NY). The samples were then washed twice with PBST-E and fixed with 1% glutaraldehyde in PBS-E for 30 min. After rinsing the samples once in PBS and once in distilled water, they were incubated in the dark for 3 min in HQ silver (Nanoprobes Inc., Stony Brook, NY) for silver enhancement. The bacteria were immediately washed with distilled water and fixed with 1% OsO 4 in water. Finally, the samples were dehydrated in graded alcohols and propylene oxide and embedded in Spurr's resin. Thin sections (70 nm) were cut on a Reichert Ultracut E microtome and mounted on formvarcoated copper grids. Sections unstained and stained with uranyl acetate and lead citrate were examined on a Hitachi HU600 or Phillips CM100 electron microscope.
